An Azotobacter vinelandii homolog to the Salmonella typhimurium mutS gene was discovered upstream of the fdx4 gene. The product of this gene is much more similar to S. typhimurium MutS than either is to the HexA protein of Streptococcus pneumoniae. An A. vinelandii AmutS mutant strain was shown to have a spontaneous mutation frequency 65-fold greater than that of the wild type.
Studies of DNA replication or repair have not, however, previously been reported for this organism. Here we report the sequence of the A. vinelandii mutS gene and show that deletion of this gene from the A. vinelandii chromosome results in a Mut -phenotype.
DNA sequence analysis. We have previously reported the cloning of a 4.8-kb A. vinelandii DNA fragment that contains the fdxA gene and the subcloning of that fragment into pUC9 to form a plasmid designated pML1 (16) . Here we determined the nucleotide sequence of the portion of pML1 upstream of the fdx4 gene. Four M13mpl8 derivatives were successfully constructed for sequencing, and the sequencing strategy is shown in Fig. 1 . A total of 2,748 bp were sequenced, and the sequences of all fragments were overlapped, in both directions, to minimize sequencing errors. This sequencing strategy revealed a 2,605-bp open reading frame. As shown in Fig. 2 , the predicted protein product encoded by this open reading frame is similar to that predicted by the DNA sequence of the Salmonella typhimurium mutS gene (6) and the Streptococcus pneumoniae hexA gene (20) . On the basis of this amino acid sequence similarity, which is discussed in more detail below, this open reading frame has been designated the mutS gene of A. vinelandii.
As revealed by the DNA sequence, there is a stop codon (TGA) immediately in front of the start codon (ATG) of the mutS gene. This situation is not uncommon in A. vinelandii and occurs, for example, in the nifgene cluster when two genes with related functions are part of the same transcriptional unit (2, 9) . In this case, it suggests that there is likely to be an open reading frame upstream of the mutS gene whose function may be related to that of mutS and which may be cotranscribed with mutS. Downstream of the mutS stop codon (TGA), there are inverted complementary sequences that are predicted to form a stem-loop structure which may act as a transcription termination signal. This would also be consistent with our finding, reported elsewhere (27) , that 24 amino acids represent conservative substitutions (Fig. 2) . These findings further support the idea that region I has important functional significance (6) .
The second most similar region, designated region II, is located close to the carboxyl terminus of each protein and is enclosed by thick vertical arrows in Fig. 2 bar show the coding regions and the direction of transcription of mutS and fdxA. The subcloned A. vinelandii chromosomal DNA restriction fragments are denoted in the lower half of the figure by thick solid lines. pBS300 and pBS303 were sequenced 5' to 3', while pBS301 and pBS304 were sequenced 3' to 5'. The short arrows at the bottom represent start points and directions of sequencing. The dots indicate where synthetic oligonucleotides were used as primers for sequencing instead of the universal M13 primer. The following restriction enzymes were used: S, Sail; Sm, SmaI; P, PstI; A, AccUI; Pu, PvuUII; E, EcoURI; Ap, Apal; X, XhoI; C, ClaI; EV, EcoRV; B, BssHII.
represent conservative changes. Region II contains an ATPbinding site (7), and the consensus sequence for this site (29) is shown in parentheses in Fig. 2 . This region has also recently been shown to be homologous to an analogous predicted product of the Repl gene in humans and the Ducl gene of mice (3, 12) . In addition to these two major regions of similarity, a putative helix-turn-helix DNA-binding motif has been identified in the S. typhimurium MutS and S. pneumoniae HexA sequences (6) . As shown in Fig. 2 , this motif is also conserved in the A. vinelandii MutS sequence, in which it spans amino acid residues 771 to 790.
Construction of an A. vinelandii mutant strain that does not synthesize MutS. Taken together, the above comparisons indicate that, at least insofar as MutS is concerned, the DNA mismatch repair system of A. vinelandii is likely to be structurally and functionally analogous to that of S. typhimurium. To determine whether or not MutS is active in A. vinelandii, we therefore constructed a mutant strain that cannot synthesize MutS. As shown in Fig. 3 , this was accomplished by first constructing a plasmid designated pOL1, in which the first 1,270-bp ClaI-EcoRV fragment of the mutS gene was deleted and replaced by a kanamycin resistance cartridge (28) . The deletion alone would remove the first 417 amino acid residues from the NH2-terminal end of the MutS protein, and the kanamycin resistance cartridge insertion additionally resulted in a 1-bp frame shift that would affect the remaining mutS sequence. Thus, disruption of mutS in this manner is expected to eliminate any possible MutS function.
Purified, linearized A. vinelandii DNA, derived from pOL1, was then introduced into competent cells of wild-type A. vinelandii (17) and allowed to undergo homologous recombination, as described previously for the construction of several A. vinelandii nif deletion mutant strains (1, 21) , except that the selection in this case was for kanamycin resistance. The resulting kanamycin-resistant AmutS mutant strain is designated JG131 and should be identical at the DNA level to wild-type A. vinelandii except that the chromosomal mutS gene has been disrupted. As expected, JG131 has a stable kanamycin resistance phenotype in the absence of selective pressure. To confirm the mutation at the DNA level, genomic DNA was isolated from the wild-type and JG131 strains of A. vinelandii and restricted with BglI and EcoRI. Figure 3 shows the locations of these restriction sites relative to the mutS gene. As shown in Fig. 4 , when the wild-type DNA fragments were run on an agarose gel and then probed with a radiolabeled 1.27-kb ClaI-EcoRV fragment specific to mutS, a single band of the size predicted from the restriction sites of the mutS gene shown in Fig. 3 was observed. This demonstrates that wild-type A. vinelandii contains only one copy of the mutS homolog per chromosome. When JG131 DNA was similarly probed with the ClaI-EcoRV fragment, no bands were observed, demonstrating that this fragment had been successfully removed from the chromosome (Fig. 4) . The presence of the kanamycin resistance cartridge at the appropriate location in the A. vinelandii JG131 genome was also demonstrated by Southern hybridization as shown in Fig. 4 resistance by using procedures similar to those reported elsewhere for other organisms (4, 19) . As shown in Table 1 , the AmutS strain had a mutation frequency ca. 65-fold greater than that of the wild-type strains. This mutation frequency is similar in magnitude to that observed for MutS -strains of E. coli (4) and S. typhimurium (19) and shows that the mutS gene is a mutator gene in A. vinelandii. Are mutS and fdx4 related? The finding (Fig. 1 ) that the mutS and fdxA4 genes are adjacent on the A. vinelandii chromosome and transcribed in the same direction brings up the question of whether these locations are coincidental or the functions of the two proteins are somehow related. The fdxcA gene encodes a small [Fe-S] protein designated A. vinelandii ferredoxin I (AvFdI) whose function is unknown (16) . The involvement of [Fe-S] proteins in DNA repair has a precedent in that endonuclease III (10) and MutY (13, 26) are both thought to be [Fe-S] proteins. In addition, another putative [Fe-S] protein, the iron-regulatory element-binding protein, is known to bind RNA (22) , and the patB gene product of Anabaena strain 7120 has recently been predicted to be a DNA-binding [Fe-S] protein (11) . Most important for this study is the fact that the fdxA gene product, AvFdI, has also recently been proposed to be a DNA-binding protein (25 therefore examined a mutant strain that does not synthesize FdI to determine whether it too has a mutator phenotype.
The FdI-strain used in this study, designated JG120, was constructed by site-directed mutagenesis (8) . It has a stop codon at position 24 of the FdI amino acid sequence and contains no material that cross-reacts with FdI antibodies. Table 1 shows that this strain has the same spontaneous mutation rate as wild-type A. vinelandii. Thus, removal of FdI in vivo does not result in a mutator phenotype.
Nucleotide sequence accession number. The nucleotide sequence described here has been deposited in the GenBank/ EMBL data base under accession no. M63007. a Frequencies were calculated from the numbers of independent cultures. A few mutational "jackpots," which were defined as cultures having more than five times the mean number of mutants, were excluded from the calculation of the mean and standard deviation, as described elsewhere (4, 19) . Data 
